The selection of superior adapted cultivars has contributed to the doubling of soybean [Glycine max (L.) Merr.] yields in the USA since 1930. Genetic variation was required for this selection to be effective. The objective of this study was to evaluate the importance of homologous chromosome meiotic recombination in the creation of soybean cultivars. A set of 10 adapted high-yielding cultivars selected from the cross 'Williams' × 'Essex' was compared with a set of 156 random recombinant inbred lines (RILs) from the same population. Crossover events were identified using 143 simple sequence repeat (SSR) markers spanning all 20 soybean chromosomes. The recombination rates were standardized among chromosomes by dividing the realized crossovers by the potential crossovers. The standardized recombination rate for the entire genome was significantly greater for the 10 cultivars (0.34) than for the RILs (0.29). The cultivars had numerically higher standardized recombination rates for 17 of the 20 chromosomes, significantly higher on chromosomes defined by the molecular linkage groups C2, L, and M. The interaction of linkage groups
with the two sets of lines was nonsignificant for standardized recombination. Soybean breeding progress has been accomplished in part by creating and capitalizing on new within-chromosome allele combinations.
Abbreviations: MAS, marker assisted selection; QTL, quantitative trait loci; RIL, random inbred lines; SSR, simple sequence repeat.
The improvement of any species through breeding requires the creation and selection of a novel combination of alleles in progeny from the genetic variation contained within the parents. These new combinations could arise from either independent chromosome assortment or homologous chromosome recombination. Breeding progress can be made only through variation from independent assortment if the superior alleles are found on different chromosomes (unlinked) .
Variation in recombination frequency exists in plant breeding populations (Pfeiffer and Vogt, 1990; Tulsieram et al., 1992; Fatmi et al., 1993) . Similarly, inbred progeny receive a range of alleles from one or the other of the population's parents (Kiem et al., 1991) . The inheritance of alleles in adapted soybean cultivars does not necessarily follow the ratios estimated by the coefficient of parentage for a particular cross (Kisha and Diers, 1997) because the coefficient of parentage is a probability that necessarily ignores the preferential selection by plant breeders of alleles that favorably affect a phenotype. Because the site of crossing-over is random, selection for polygenic traits will alter the number and position of crossovers found in the lines a breeder chooses to advance as opposed to those found in the entire population. Therefore, for quantitative traits, meiotic recombination has been, and will continue to be, a mechanism on which breeders must capitalize to establish novel superior linkage blocks in these regions. Demarly (1979) introduced the term "linkat" for a collection of favorable alleles that are linked and tend to be inherited intact because of the competitive advantage they give the individuals that possess them. These linkats contribute to the preferential inheritance of sets of favorable accumulated alleles that cause the actual pattern of inheritance to deviate from that predicted by the coefficient of parentage (Kisha and Diers, 1997) . Using restriction fragment length polymorphism (RFLP) markers, Lorenzen et al. (1996) identified two linkage groups in four soybean cultivars that have long chromosome sections inherited intact from the same parents despite the fact that these cultivars were developed in separate breeding programs. If a collection of genes fundamental to domestication were established in linkats long ago, it would be likely that this collection would be found intact in many modern cultivars despite a lack of a common pedigree. Similarly, new favorable linkage blocks may be created by selection following hybridization. For example, Lorenzen et al. (1996) identified five cultivars that were the result of a crossover in the same location with the same parental alleles selected on either side of the crossover.
Seed yield in soybean is a polygenic trait, which could be greatly affected by recombination. Whether these genes interact additively or epistatically is of great importance with respect to the efficacy of utilizing enhanced recombination in a breeding strategy. If yield genes act additively, then enhanced recombination that brings these alleles together will be beneficial. If these genes interact epistatically, then recombination's value is uncertain until the coupling-repulsion status of the alleles is clarified (Hanson and Hayman, 1963) . Cregan et al. (1999) have combined data from mapping populations into a highly saturated linkage map of the soybean genome containing classical, SSR, and RFLP markers. This map may be used to screen parents for polymorphisms useful in evaluating crossingover in the progeny of these parents. One can then track whether linkage blocks were inherited intact or broken in the progeny of a cross. The high degree of map saturation makes it likely that some markers are linked to yield quantitative trait loci (QTL).
The objectives of this study were to (i) evaluate the importance of homologous chromosome meiotic recombination in the creation of soybean cultivars by comparing standardized recombination rates between a random population and a set of adapted cultivars derived from the same cross and (ii) infer the relationship between genomic regions with high or low crossover rates and the location of previously identified QTL in the soybean genome.
Materials and Methods

Genetic Material
The genotypes investigated in this study fell into one of two selection sets. All genotypes were from the cross 'Williams' (Bernard and Lindahl, 1972) × 'Essex' (Smith and Camper, 1973) . Ten released adapted cultivars comprised the high yield selection (cultivar) set. These genotypes, 'Pennyrile,' 'S4240,' 'RA452,' 'A4268,' 'RA481,' 'A3860,' 'A3127, ' '9441, ' '9471, ' and 'Coker 393, ' came from various breeding programs (Gabe, 1994) and are assumed to be the product of transgressive segregation. These cultivars were probably selected as F4 or F5 derived lines, depending on the breeding strategy utilized by the particular breeding program from which the cultivars were developed. Selection at this level of inbreeding was typical in U.S. soybean breeding programs during this time frame. Seeds of cultivars were obtained from the soybean germplasm collection or from the breeding program that developed the cultivar. An unselected set of 156 lines from this same cross was compared with the cultivar set. The random lines were created by single seed descent and were advanced to the F6:8 generation (Hyten, 2002) . These lines will be subsequently referred to as the random RIL set. The RIL population was previously used in a QTL study that involved agronomic trait testing in five environments (Hyten et al., 2004) . Three other similarly sized populations of unselected RILs were utilized from the crosses 'Peking' × 'Hamilton' (Nickell et al., 1990) , 'Pershing' (Anand and Shannon, 1985) × 'Hamilton,' and 'Peking' × 'Essex' to validate our analysis of the SSR markers on linkage group C2.
SSR Analysis
About 5 g of leaf material was collected from plants from each random line and each selected cultivar. This leaf material was stored frozen until desiccated in a lyophilizer. The DNA from the 10 cultivars was extracted following the CTAB procedure of Kiem et al. (1988) . The DNA from the 156 RILs was extracted with the Qiagen DNAeasy mini prep kit (Qiagen, Valencia, CA). The DNA was quantified with a fluorometer and diluted to 10 ng/mL. A total of 10 mL of this DNA suspension was run on a 1% (w/v) agarose gel to check for quality and to verify concentration.
Williams and Essex were screened with 568 SSR markers to identify polymorphisms. The SSR primer sequences were obtained from the Soybase (1995) web site. From this screening, 277 markers were found to be polymorphic between Williams and Essex, and 143 of the 277 were used to obtain crossover data ( fig. 1) . These markers covered all 20 soybean linkage groups , with a minimum of four and a mean of 7.15 markers per linkage group. The polymerase chain reaction (PCR) was conducted as defined on Soybase (1995) . Amplified PCR fragments were separated by either metaphor agarose or polyacrylamide gel electrophoresis, depending on the size of the polymorphism between Williams and Essex. Polymorphisms greater than 10 base pairs were run for 4 h at constant 70 V on 3% (w/v) metaphor agarose gels stained with ethidium bromide. Polymorphisms that were less than 10 base pairs were run on 6% (w/v) nondenaturing polyacrylamide gels at 200 V for 4 h and stained with ethidium bromide.
Genetic Map
Marker order was initially defined on the basis of the public soybean composite map . Because some of the markers used in this study are placed on the composite map with distances less than 5 cM between them, the RIL population was mapped by the Mapmaker program (Lander et al., 1987; Lincoln et al., 1992) to verify the map order. This was accomplished by first defining 20 linkage groups and then using the "assign" command to place markers onto soybean's 20 chromosomes. In this analysis, all markers were assigned to their defined linkage group except those found on linkage group A2, which Mapmaker designated as unlinked. Next, the order of the markers on the individual linkage groups was determined using the "compare" command. The four markers unassigned by the "assign" command were assumed to be on linkage group A2 and analyzed as such by Mapmaker and agreed with the published map for 14 marker order calculated linkage groups. The remaining six linkage groups (A1, A2, B2, C1, C2, and D1a) were ordered differently compared with the published map. On each linkage group, the order of two markers in close proximity (< 5.0 cM) of each other was inverted. For each of these linkage groups one of the two markers was dropped from the data set.
Recombination was detected by first listing the markers for each chromosome in the order found on the genetic map. Next, crossing over was counted by following each line's marker scores along the chromosome and noting where a line's score changes from one parent's allele to the other. All crossovers for each line and linkage group were then simply summed and standardized by putting this sum in the numerator of a fraction with the potential crossovers (number of markers per chromosome -1) in the denominator. The analyzed variable was standardized crossovers. Crossovers were standardized to permit analysis among linkage groups in which different numbers of markers were available and to adjust individual lines in which the allele designation at a locus may have been unassigned.
Data Analysis
The expected 1:1 segregation ratio of the inheritance of parental alleles in the RILs was tested by the chi-square test. The Yates correction factor for a chi-square test with one degree of freedom was not used because the expected number in each class (n = 78) was relatively large (Bailey, 1961) . Because of the large number of loci analyzed, deviations from this ratio at a single locus were considered significant at p < 0.01. Deviations from expected on an entire chromosome were considered significant at p < 0.05. Segregation ratios were not analyzed for the cultivars. The number of cultivars was small for a chi-square test, and selection was expected to favor positive alleles negating the 1:1 segregation ratio expectation.
The data were analyzed for all 20 linkage groups together (sources of variation: selection sets, linkage groups, selection sets × linkage groups, all factors fixed) as well as all 20 linkage groups individually (source of variation: selection sets) by PROC GLM of SAS (SAS Institute, Cary, NC, release 8.1). Standardized crossovers were compared between the cultivars and all the 156 RILS. Ten sets of 10 RILs, drawn from the larger set of 156 RILs, were also created to compare standardized crossovers in equal sample sizes between the cultivars and the random lines using the analysis above. The locations of regions where comparatively few or many crossovers were detected in the RILs compared with the cultivars were related to QTL data from previous studies. These comparisons on individual linkage groups, in specific regions, did not include replication and hence were not analyzed statistically.
Results
Parental Allele Distribution
Chi-square significance was analyzed only for the full RIL set because of insufficient sample sizes of the other groups, and the following chi-square results pertain to the RIL set only. In this experiment, only 8% of the markers had significant chi-square values. Over all 143 SSR markers used in this experiment the chi-square value of 0.0004 was not significant and corroborates the expected 1:1 inheritance ratio of parental alleles in the RILs (table 1). Chi-square values were significant (p < 0.05) for the linkage groups B2, C2, and L. On linkage groups B2 and L, a greater number of Williams alleles accounted for the significant chi-square value, while the Essex alleles were in excess for C2. Of the 143 markers analyzed, 12 had significant (p < 0.01) chi-square values. Five of these were on linkage group C2 and all five exhibited a preponderance of Essex alleles. Of the remaining seven markers with significant chi-square values, five had a greater number of Williams alleles and each of the seven was on a different linkage group. 
Crossover Means for All 20 Linkage Groups
Standardized crossovers exhibited a wide range in the progeny of the Williams × Essex cross ( fig. 2 ). Among lines within sets the ranges of mean standardized crossovers for all 20 linkage groups were 0.17 to 0.39 for the RILs and 0.29 to 0.43 for the cultivars. The selection set mean standardized crossover value averaged over all 20 linkage groups was significantly lower (p < 0.05) for the 156 RILs (0.29) than for the 10 cultivars (0.34).
Figure 2.
Frequency distribution of standardized crossovers (actual crossovers/potential crossovers where potential crossovers = number of marker loci per linkage group -1) averaged across 20 linkage groups for 156 random inbred lines and 10 cultivars from the soybean population Williams × Essex.
Crossover Means for Individual Linkage Groups
For individual linkage groups, the cultivar set had significantly greater crossing-over than the RIL set on three of the 20 linkage groups, C2, L, and M ( fig. 3 ) and numerically higher standardized crossover means in all but five of the 20 linkage groups A1, B1, C1, J, and O. There was no significant linkage group by selection set interaction in this analysis. 
Crossover Means for All Linkage Groups with Selection Sets of Equal Size
The disparity in sample sizes (10 cultivars vs. 156 RILs) between our selection sets might influence the results. To address this, we created 10 sets of 10 RILs drawn at random from the 156 lines. All 10 sets had a significantly lower 20 chromosome standardized crossover mean (range 0.25-0.29) than the cultivar set (0.34). On the basis of this result, all further discussion is with respect to the 156 RILs and 10 cultivar comparisons.
Discussion
Crossover Means for All 20 Linkage Groups
Where favorable interactions between genes are already established, selection for superior performance should favor the retention of favorable linkage groups through the reduction of recombination. Minimal recombination would tend to preserve linkage blocks, and selection for favorable linkage blocks would maintain epistatic interactions. The overall analysis of the recombination rates between the RILs and the cultivar sets on all 20 linkage groups suggests that a large number of favorable highly epistatic intrachomosomal allele interactions are not present in Williams or Essex. The higher level of recombination detected in the cultivars compared with the RILs suggests that an appreciable source of genetic variance exploited in the advancement of lines from this cross was additive. Although creating enhanced recombination through intermating was proposed as a breeding strategy (Hanson, 1959a (Hanson, , 1959b , selection favoring maximal recombination has not been supported by previous soybean breeding experimentation. For example, in a well-documented study, short-term genetic gain was reduced in progeny lines when mating schemes were used that increased the opportunity for recombination (Piper and Fehr, 1987) . That experiment, however, could not measure the resulting difference in recombination between the progeny of the different mating schemes. Therefore, it was unknown how much recombination was increased, much less in which regions this greater recombination occurred. The pool of progeny lines from which Piper and Fehr (1987) selected the individuals for further intermating was 300 individuals. Two thousand lines is a conservative estimate of the number of lines from which the 10 Williams × Essex progeny cultivars were selected. Perhaps greater sampling of the genetic variation (sampling at least 2000 lines vs. 300 lines) allowed identification of the true transgressive segregates in the various cultivar development programs. Alternatively, the Williams × Essex progeny population could be unique among soybean breeding populations in the manner in which transgressive segregates are created. We already know that this population is unique as a source of demonstrated transgressive segregates in that at least 12 cultivars (two were no longer available for this study) were selected from this cross (Gabe, 1994) . The Williams × Essex cross is the only soybean cross we know of that produced transgressive segregates in a large enough number suitable for a comparison of this type.
Crossover Means for Individual Linkage Groups
A nine-marker 50-cM region of linkage group C2 was analyzed ( fig. 4) . Within a 15-cM region, Williams alleles at both markers Satt 460 and Satt 307 were seen at a frequency of 0.27 in the RILs compared with 0.60 in the cultivars (table 2). In relation to the RILs, a majority of the cultivars have an intact linkage group inherited from the Williams parent. This indicates the existence in Williams of a favorable linkage block in this region. This superiority may result from positive epistatic interactions within the linkage block. It is also possible that the genes composing this block interact additively in Williams and, therefore, are superior when inherited together. In this case it, is not clear that the preservation of a linkage block indicates that the gene interaction is epistatic or additive. However, the lack of any crossovers in this region in the cultivars hints that an epistatic interaction may occur. Figure 4 . Schematic representation of the three linkage groups for which, cultivars had significantly greater recombination than the random lines. Molecular linkage groups and marker positions are as found on the published soybean genetic map and confirmed in this population. Distances between markers were calculated by Mapmaker (Lander et al. 1987; Lincoln et al. 1992) for the Williams × Essex population. QTL were previously reported. †QTL followed by numbers are so designated by Hyten 2002. ‡Yield QTL reported in Orf et al. (1999) . §Lodging QTL reported in Lee et al. (1996b) . ¶Seed size QTL reported in Csanadi et al. (2001) . A QTL for seed size (SS2; Hyten, 2002) is tightly linked to Satt 289 on linkage group C2 ( fig. 4 ). At this locus, 80% of the cultivars and only 34% of the RILs have the Williams allele (table 2) , which conditions a seed size increase of 4.5 mg seed -1 (Hyten, 2002) . Other authors have detected a positive correlation between seed size QTL and seed yield (Csanadi et al., 2001; Mansur et al., 1993; Mian et al., 1996) . The QTL SS2 appears to have a selective advantage in this population for higher yield.
The significantly higher crossing-over seen in the cultivars compared with the 156 RILs on linkage group L was not uniformly distributed. In the interval from Satt 182 to Satt 156 ( fig. 4) , all of the cultivars had at least one crossover, with nine having more than one crossover as compared with a mean 0.61 crossovers in the RILs. In the interval between Satt 156 and Satt 373 ( fig. 4 ) we detected less recombination in the cultivars. Only one of the cultivars had more than one crossover in this region, while 18% of the RILs had more than one.
The QTLs for early maturity (M9 and M10) were found on linkage group L in the interval Satt 156 to Satt166 (Hyten, 2002; fig. 4 ). Ten percent of the cultivars had only Essex alleles at the Satt166 and Satt 229 markers, compared with 0.33 in the RILs. A frequency of 0.80 of the cultivars had the region from Satt 166 to Satt 229 inherited intact from the Williams parent (table 3) . Conversely, a frequency of only 0.37 of the RILs had this intact block from Williams. A substitution of an Essex allele at the M10 QTL was estimated to affect a 2.6-d shortening of days to maturity. Later maturity in soybean is often correlated with higher seed yield (Mansur et al., 1993) , and selection for yield related to later maturity (selection of the Williams allele at M10) may have driven the accumulation of this 30-cM chromosome region from Williams. Hyten (2002) also linked the Satt 156 marker, which immediately precedes the Satt 166 marker, to the M9 maturity QTL. None of the cultivars had the block from Satt 156 to Satt 229 inherited intact from the Essex parent (table 3) , while 0.23 of the RILs received this block intact from Essex. Selection for indeterminate growth habit would also favor the accumulation of Williams alleles in this region of linkage group L. All of the cultivars are indeterminate, conditioned by the Dt1 allele from Williams. The Dt1 locus is between Satt 166 and Satt 229 ( fig. 4 ). In fact, selection for indeterminate growth habit may have led to only one of the cultivars receiving the minor yield QTL (yield 2) allele from Essex, which conditioned a 198 kg ha -1 increase in yield (Hyten, 2002) . The cultivar Pennyrile resulted from a double crossover in this region to obtain the Essex alleles at Satt 166 and Satt 229 as well as the Dt1 allele from Williams. Hyten et al. (2004) mapped an oil QTL (O6) to linkage group M (fig. 4) . The QTL was mapped to a region between Satt 540 and Satt 463. In this region, a frequency of 0.7 of the cultivars had Essex alleles at these two markers. A substitution of an Essex allele here conditioned a 2.4 g kg -1 reduction in seed oil content. Only a frequency of 0.51 of the RILs had Essex alleles in these locations. A protein concentration increasing QTL (P4) was also mapped on linkage group M (Hyten et al., 2004) (fig. 4) . In one environment the QTL was mapped to a location half way between Satt 540 and Satt 463. A frequency of 0.51 of the RILs and 0.70 of the cultivars has the Essex allele, which conditions the increased protein concentration QTL at Satt 463. It appears this region may have contributed to increasing protein and decreasing oil concentrations in the cultivars.
Other researchers have mapped a QTL ( fig. 4 ) for seed size on linkage group M near the Satt 210 marker (Csanadi et al., 2001) . Only a small difference in the percentages of RILs (53%) and the cultivars (60%) that received the seed size increasing Williams allele at this locus was seen in the Williams × Essex population. However, in the cultivars 66% of the Williams alleles at Satt 210 were associated with a crossover between Satt 551 and Satt 250, which is mapped within 6.3 cM of Satt 210 on the published map . Only 19% of the RILs having the Williams allele at Satt 210 exhibit this same crossover. It appears that the cultivars, through recombination, might have collected a set of alleles beneficial for increasing yield on the basis of seed size contributions to yield.
Eight percent of the SSR markers had segregation ratios that deviated significantly (p < 0.01) from the 1:1 expected ratio (15% at p < 0.05) in the RIL set. Significant chi-square values for deviation from expected segregation ratios of molecular markers have been reported in soybean (17% of the markers; Zhang et al., 2004) , rice (43% of the markers, Thomson et al., 2003 ; 81% of the markers, Nguyen et al., 2003) , oilseed rape (Pilet et al., 2001) , maize (Jampatong et al., 2002) , and wheat (Liu et al., 2001; Campbell et al., 2003) . Two (C2 and L) of the three linkage groups that had significantly greater standardized crossovers in the cultivars did not fit the 1:1 expected Mendelian segregation ratio for the entire linkage group in the RILs at (p < 0.05). Genetic control of preferential distribution of one parent's alleles in the formation of gametes in a segregating population in the absence of selection is one possible explanation for these observations. Natural selection in favor of one parent's alleles in the gametophyte or embryo is another possible explanation. The ten cultivars contained predominately Williams alleles in the Satt 289-Satt 307 region of linkage group C2. In the RIL population all markers in this region exhibited an excess number of Essex alleles (table 1) . Thus it is hard to argue that the excess alleles were strongly favored by natural selection.
Is this pattern of excess Essex alleles real or an artifact of the experimental analysis of the markers? The same chi-square analysis was repeated on data from three other RIL populations using the same markers on linkage group C2. In the RILs from the Peking × Hamilton population, four of the 10 markers had segregation ratios significantly (p < 0.01) skewed toward the Peking parent, and the entire linkage group was skewed toward the Peking alleles (p < 0.01). None of the loci on C2 in the Pershing × Hamilton or Peking by Essex populations had distorted segregation ratios. This does suggest that these markers are reliable to use in measuring recombination and that the distortion measured in the Williams × Essex population is real. Perhaps Peking and Essex each possess a segregation distortion allele that is nonfunctional in the cross of these two parents together but functional in crosses of either Peking or Essex with another parent lacking the allele. We cannot suggest a way to predict the presence of segregation distortion in soybean populations before making a cross.
Numerous authors have reported the detection of QTL and have suggested methods for using this information in marker-assisted selection (MAS) (Diers and Shoemaker 1992; Mansur et al., 1993 Mansur et al., , 1996 Lark et al., 1995; Lee et al., 1996a Lee et al., , 1996b Brummer et al., 1997; Qui et al., 1999) . The progeny selected as cultivars from the Williams × Essex population had more total crossing-over than did the RILs, and the cultivars had greater recombination in some chromosome regions where QTL have not been detected. Perhaps selection for greater recombination in predetermined locations without knowledge of specific QTL in these locations could also be a beneficial strategy for MAS. Additionally, selection for more or less recombination in regions where we have knowledge of the presence of favorable or unfavorable combinations of alleles is possible.
